1. Introduction {#sec1-jcm-06-00041}
===============

Acute cessation of blood flow to an end organ results in severe localized hypoxia \[[@B1-jcm-06-00041]\]. Restoration of perfusion results in significant cellular injury and subsequent organ dysfunction termed ischemia--reperfusion injury (IRI). IRI of the liver is frequently encountered following hemorrhagic shock, surgical resection, and solid organ transplant. In the setting of liver transplantation, two defined periods of ischemia are present prior to reperfusion \[[@B2-jcm-06-00041]\]. Initially, "cold" ischemia promotes sinusoidal endothelial cell injury leading to microcirculatory disruption. Cellular injury occurs during the organ procurement and cold storage phases, which are variable in length. This is followed by "warm" ischemia, the time during which the liver is sewn into the recipient. While the warm and cold ischemic phases are characteristically different, they may share common mechanisms of tissue injury leading to graft dysfunction. Unfortunately, both phases are obligatory in liver transplant. Clinically, attenuating cell death and dysfunction will improve long-term outcomes in the recipient. In addition, reducing the severity of "reperfusion syndrome" will facilitate the use of marginal grafts, thus expanding the donor pool.

Prolonged oxygen deprivation results in ATP depletion, cellular conversion to anaerobic metabolism, and ultimately cell death. While reestablishing blood flow is required to restore cellular function, this results in a profound inflammatory response. Pathologically, tissue injury is characterized by endothelial injury, microvascular disruption, increased apoptosis, and ultimately necrosis \[[@B3-jcm-06-00041]\]. Preclinical studies over the last two decades suggest that liver IRI in both phases is characterized by local inflammation mediated by both innate and adaptive immune responses. This includes Kupffer cell activation, neutrophil production of cytokines and chemokines, as well as lymphocyte/monocyte infiltration \[[@B2-jcm-06-00041],[@B4-jcm-06-00041]\].

With a robust inflammatory cascade dominated by the innate response initially, adaptive responses appear to be dependent on CD4^+^ T cells. This may be particularly important in multiple phases of ischemic injury. Zhai and colleagues note that crosstalk between innate and adaptive responses triggered by IRI converts the liver into an inflammatory organ in a sterile environment \[[@B4-jcm-06-00041]\]. Following reperfusion, CD4^+^ T lymphocytes are activated and recruited to the liver. Depending on the subtype, these lymphocytes may contribute to, or directly inhibit, hepatocellular injury. Despite accumulating evidence defining the role of innate and adaptive responses in hepatic IRI, the specific role of various T cell subsets continues to be defined.

2. T Lymphocytes and Post-Ischemic Liver Pathology {#sec2-jcm-06-00041}
==================================================

Experimental observations made over the last three decades suggest that neutrophils play a major role in tissue injury in the early phase following reestablishment of blood flow \[[@B5-jcm-06-00041]\]. This response is biphasic with early cellular damage within 6 h of reperfusion and robust neutrophil infiltration at 24 h \[[@B6-jcm-06-00041],[@B7-jcm-06-00041],[@B8-jcm-06-00041],[@B9-jcm-06-00041]\]. Several studies reported by Jaescheke and colleagues in the early 1990s clearly demonstrated that antibody-mediated neutrophil depletion attenuates IRI injury in rodent models \[[@B10-jcm-06-00041],[@B11-jcm-06-00041]\]. While these observations have been confirmed by numerous investigators, the precise role of T lymphocytes in IRI continues to be defined and may be linked to a specific subtype. As the adult liver ages, it harbors roughly 10^10^ resident lymphocytes \[[@B12-jcm-06-00041],[@B13-jcm-06-00041]\]. These cells alter inflammatory responses via paracrine secretion of either pro- or anti-inflammatory mediators. Production of these soluble mediators can directly alter the phenotype of other resident lymphocytes as well as stimulate other inflammatory cells in the liver \[[@B14-jcm-06-00041]\]. Despite these general influences, it remains unclear exactly when and how T lymphocytes directly promote tissue injury in the ischemic liver upon reperfusion.

In 1997, Zwacka and colleagues made several critical observations pertaining to the role of T lymphocytes in liver IRI ([Table 1](#jcm-06-00041-t001){ref-type="table"}). Using a murine model of warm ischemia, they observed that T-lymphocytes are key mediators of subacute neutrophil inflammatory responses in liver IRI \[[@B15-jcm-06-00041]\]. Employing partial liver ischemia, they compared reperfusion injury between wild type and athymic mice. While they noted similar levels of acute injury (3--6 h post-reperfusion), the subacute phase (16--20 h) was dramatically different. Serum transaminases and degree of histologic necrosis was significantly reduced in the T cell-deficient mice. This was associated with a 10-fold reduction in neutrophil infiltration. Similarly, antibody depletion of CD4^+^ T lymphocytes in wild type mice resulted in a reduction of subacute injury and inflammation. Depletion of CD8^+^ T lymphocytes had no effect on transaminase levels or tissue injury. The authors concluded that these data suggest that CD4^+^ T lymphocytes are required for complete activation of post-reperfusion inflammatory responses and may be key regulators of neutrophil recruitment and amplification in the injured liver during the subacute phase.

As partial warm ischemia has become a widespread model employed in rodents, several groups have attempted to further define the role of T lymphocytes in acute and subacute phases of injury. Contrary to Zwacka, investigators at the University of California, Los Angeles, found a dramatic reduction in serum alanine aminotransferase (ALT) at just 4 h reperfusion in athymic mice (nu/nu) \[[@B16-jcm-06-00041]\]. In this model, blockade of T lymphocyte signaling via CD154 resulted in a reduction of neutrophil accumulation, thus strengthening the argument that T lymphocyte signaling pathways (i.e., via CD154) are essential to liver injury as well as orchestrating neutrophil accumulation.

In addition to resident leukocytes, peripheral T lymphocytes are recruited to the liver as early as 60 min following IRI \[[@B17-jcm-06-00041]\]. These recruited cells remained sequestered in the liver for at least 4 h post-reperfusion. Contrary to previous observations, mice that lack CD4^+^ T cells demonstrated a more robust biochemical injury at 8 h of reperfusion (ALT) than wild-type mice after 90 of initial ischemia. These findings were paradoxically associated with a reduction in neutrophil accumulation at the same time point. In addition, histologic sections demonstrate widespread areas of hemorrhagic necrosis and parenchymal cell destruction, with little evidence of neutrophil infiltration. Khandoga et al. demonstrated via videofluorescence microscopy, that CD4^+^ T cells accumulate and migrate in a transendothelial fashion into the sinusoids early following reperfusion \[[@B18-jcm-06-00041]\]. Approximately 30% of CD4^+^ T cells were colocalized with platelets. CD4 deficiency disrupted this colocalization as well as reduced neutrophil transmigration and transaminase levels. Again, ALT levels were lower in CD4 deficient mice compared to wild type early post-reperfusion. Cumulatively, these data consistently characterize the early role of neutrophil-mediated hepatocellular injury in the setting of ischemia and subsequent reperfusion at various time points. Unfortunately, a mechanistic link between CD4^+^ lymphocyte recruitment/activation and neutrophil accumulation remains unclear \[[@B19-jcm-06-00041]\]. Finally, the molecular tool employed by lymphocytes to directly inflict hepatocellular injury beyond the subacute phase in warm ischemia continues to be defined \[[@B20-jcm-06-00041]\].

3. NKT Cells and Liver Pathology {#sec3-jcm-06-00041}
================================

Termed innate-like, natural killer T (NKT) cells appear to bridge the gap between innate and adaptive immune responses in numerous organs \[[@B21-jcm-06-00041]\]. For example, NKT cell depletion or deficiency in mice significantly reduced IRI and decreased IFNγ-producing neutrophils in the kidney \[[@B22-jcm-06-00041]\]. Similarly, lung dysfunction, injury, IL-17 expression, and neutrophil infiltration were attenuated following IRI in iNKT cell-deficient mice \[[@B23-jcm-06-00041]\]. At present, there are at least two defined subsets (Type I and II) which may have opposing roles in liver. In general, NKT cells play an active role in autoimmunity, tumor immunosurveillance, diabetes, lupus, and a variety of liver diseases. For example, activation of NKT cells may be a critical factor in the acceleration of liver injury in the murine model of primary biliary cirrhosis \[[@B24-jcm-06-00041],[@B25-jcm-06-00041],[@B26-jcm-06-00041]\]. Subsequent work suggests that the progression from subclinical to clinical disease may depend on natural ligand activation of NKT cells \[[@B27-jcm-06-00041]\]. Mice deficient in NKT cells are protected from chemical induced hepatic fibrosis \[[@B28-jcm-06-00041]\]. Similarly, data from rodent models and human tissues suggest NKT cells are critical drivers of fibrogenesis in non-alcoholic steatohepatitis \[[@B29-jcm-06-00041]\].

These innate-like cells are abundant in the liver sinusoids and express conventional T cell receptors as well as surface receptors of NK cells (NK1.1 \[mouse\] and CD161/CD56 \[human\]) \[[@B30-jcm-06-00041]\]. In mice, NKT cells make up approximately 30% of intrahepatic lymphocytes compared to nearly 10% in humans \[[@B31-jcm-06-00041],[@B32-jcm-06-00041],[@B33-jcm-06-00041]\]. In contrast to traditional CD4^+^ T lymphocytes, NKT cells can be activated by antigen presenting cells (i.e., dendritic cells, macrophages, B cells, and thymocytes) that express CD1d. Importantly, CD1d is expressed by most cells in the liver. Interestingly, these cells constitutively express mRNA, encoding several proinflammatory cytokines (i.e., tumor necrosis factor-α, interferon-γ, Interleukin-6 and 4) \[[@B34-jcm-06-00041]\], which are rapidly secreted on stimulation \[[@B35-jcm-06-00041],[@B36-jcm-06-00041]\]. Rapid cytokine and chemokine production results in the accumulation of neutrophils and macrophages in the liver.

4. NKT Cell Activation and Liver IRI {#sec4-jcm-06-00041}
====================================

Several investigators have recently focused on the role of NKT cells in liver IRI for three reasons: (1) the rapid development of liver IRI is not consistent with the time frame required for conventional T cell responses; (2) the majority of CD4^+^ T cells recruited to the liver early in the post-perfusion period consist mostly of NKT cells; and (3) NKT cells secrete cytokines rapidly upon stimulation. Early observations by Shimamura at Nigata University in Japan reported that the proportion of NKT cells rapidly expands in the liver following selective portal vein clamping and reperfusion injury \[[@B37-jcm-06-00041]\]. While the proportion and number of NKT cells peaked in the liver at 10--20 h of reperfusion, the magnitude of liver injury is decreased by 50% in NKT cell-deficient mice as early as 6 h post-perfusion. Interestingly, NKT cells produce interferon-γ as early as 2 h following reperfusion \[[@B38-jcm-06-00041]\]. As it is not surprising that antibody-mediated NKT depletion reduces biochemical and histological tissue injury in this model, adoptive transfer of NKT cells into lymphocyte-deficient mice restores injury to the level of wild type animals. A subset of experiments revealed a 58% reduction in serum ALT in mice treated with a synthetic adenosine 2A receptor (A~2A~R) agonist. Mechanistically, the A~2A~R agonist directly decreases IFN-γ production by activated NKT cells. A previous report from this group noted a dramatic reduction in IRI and proinflammatory cytokines/chemokine transcript levels following systemic treatment with an A~2A~R agonist \[[@B39-jcm-06-00041]\]. These observations clearly suggest an anti-inflammatory role for purinergic signaling in warm hepatic ischemia.

Several investigators have shown that CD4^+^ T cells mediate neutrophil recruitment in the setting of hepatic reperfusion injury \[[@B17-jcm-06-00041],[@B18-jcm-06-00041],[@B38-jcm-06-00041]\]. However, the mechanisms that are involved in direct tissue injury following restoration of hepatic blood flow are unclear. Using a partial warm ischemia model, Kuboki and colleagues found that NKT cells, but not NK cells, contribute to hepatic IRI by a CD1d-dependent activation of their T cell receptors \[[@B40-jcm-06-00041]\]. Conversely, antibody depletion of NKT cells, or both NKT and NK cells significantly reduced liver injury following 8 h of reperfusion. Depletion of regulatory T cells had no effect on IRI. The authors speculate that although the precise mechanism of tissue injury is not defined in this study, the release of IFN-γ via recruited NKT cells might stimulate other proinflammatory cytokines which may augment liver injury and influence neutrophil function.

Exposure of the liver to ischemic injury in "sublethal" doses activates endogenous inflammatory pathways and/or protective mechanisms, rendering hepatocytes partially resistant to subsequent large scale ischemic insults \[[@B41-jcm-06-00041],[@B42-jcm-06-00041],[@B43-jcm-06-00041],[@B44-jcm-06-00041]\]. Cao and colleagues from the University of Pittsburgh reported an interesting set of observations in a murine model of partial warm ischemia (portal vein occlusion for 60 min and 6 h of reperfusion) \[[@B45-jcm-06-00041]\]. The authors employed a targeted strategy of biochemical NKT activation prior to induction of ischemia in an attempt to "precondition" the liver and augment tolerance to IRI. Preactivation of NKT cells was achieved by intraperitoneal injection of the glycolipid antigen α-galactosylceramide (α-GalCer) 60 min prior to hepatic ischemia. Preactivation resulted in a significant reduction in serum hepatic enzyme levels. The authors suggest that these effects may be mediated by interleukin-13 and adenosine receptor expression.

5. A Protective Role for Type II NKT Cells in the Liver {#sec5-jcm-06-00041}
=======================================================

NKT cell subsets are more heterogeneous than originally thought \[[@B46-jcm-06-00041]\]. NKT cells have been broadly divided into two distinct subtypes: Type I (invariant, iNKT) and Type II. Type II cells express a much more diverse T cell receptor than the iNKT cells \[[@B35-jcm-06-00041],[@B47-jcm-06-00041]\] and lack reactivity to α-GalCer \[[@B48-jcm-06-00041]\]. Contrary to activated Type I NKT cells, Type II cells have an anti-inflammatory influence, limiting tissue injury \[[@B49-jcm-06-00041]\]. Sulfatide-mediated activation of Type II NKT cells is exclusive in that it does not activate B, T, or NK cells.

More abundant in humans than in mice, Type II NKT cells have a range of effects in various experimental models. For example, Type II NKT cells were sufficient to suppress tumor immunosurveillance in multiple mouse tumor models \[[@B50-jcm-06-00041]\]. In this setting, Type II cells may be the primary driver of immune suppression. Similarly, in a murine model of obesity, transfer of Type II NKT cells into immunodeficient obese mice had a profoundly positive impact. Primarily, Type II cells induced a greater and more prolonged weight loss \[[@B51-jcm-06-00041]\]. In addition, cell transfer resulted in a greater degree of glucose tolerance over the 6 day study interval. Type II cell activation has also been implicated in a transgenic model of hepatitis B as well as ulcerative colitis \[[@B52-jcm-06-00041],[@B53-jcm-06-00041]\].

Cumulatively, little is known about the role of Type II NKT cells in liver inflammation and injury or the interactions with iNKT. Halder and colleagues reported that the activation of Type II cells resulted in the preferential activation of plasmacytoid dendritic cells, leading the Interleukin-12-mediated recruitment of iNKT cells into the mouse liver \[[@B54-jcm-06-00041]\]. As a result, these recruited iNKT cells became anergized, in turn preventing the induction of Concanavalin-A-induced hepatitis. The authors point out that these data represent a unique cellular interaction leading to Type II-mediated regulation of iNKT cells. A similar regulatory role of Type II cells has been observed in tumor immunity \[[@B55-jcm-06-00041]\].

A follow-up study by the same group employed a murine model of warm ischemia using an atraumatic clip technique \[[@B56-jcm-06-00041]\]. After 90 min of partial warm ischemia, mice were euthanized following either 6 or 24 h of reperfusion. Type I NKT cells directly mediate hepatic IRI as mice lacking these cells are protected from injury in the setting of normal Type II NKT cell levels as early as 6 h post-reperfusion (reduction in serum ALT). At 24 h post-perfusion, NKT^−/−^ mice demonstrated dramatically reduced levels of tissue necrosis. Conversely, selective activation of Type II NKT cells directly prevents liver injury and is associated with the inhibition of IFN-γ secretion by iNKT cells as well as the suppression of myeloid cell recruitment to the liver. The authors suggest that this inhibition of myeloid recruitment may be linked to a reduction in hepatocyte and endothelial injury. However, it is unclear if this myeloid recruitment is dependent on specific cytokine secretion. These results above were summarized in [Table 2](#jcm-06-00041-t002){ref-type="table"}.

6. Comment {#sec6-jcm-06-00041}
==========

In 2014, 14,632 patients with end-stage liver disease requiring transplant were on the UNOS waiting list in the United States \[[@B57-jcm-06-00041]\]. Unfortunately, only 6729 liver transplants were performed in that same year. In the setting of a critical organ shortage, using marginal organs remains the predominant mechanism by which to expand the donor pool. Despite aggressive efforts to maximize the utilization of extended criteria organs, IRI leading to graft failure or dysfunction is still a major obstacle to transplantation. The temporal relationship in the axis of hypoxia-hepatocellular injury and innate/adaptive immune responses continues to be defined. At present, the specific cellular subsets involved in tissue injury are poorly understood. Furthermore, the specific mechanisms employed to induce direct cellular injury are just beginning to be uncovered. Exciting new observations center on the ability of NKT cells to directly recruit and activate NK cells to the liver. These observations are critical in that accumulating evidence suggests that NK cells can recruit and activate neutrophils as well as cause direct liver injury. In addition, the role of A~2A~R signaling has emerged as a potential mechanism by which post-perfusion inflammation can be influenced. Specifically, the role of adenosine receptor expression on NKT cells and subsequent cytokine production in the liver following reperfusion is virtually unknown. Cumulatively, the pro- versus anti-inflammatory influences of NKT cell subsets may provide several attractive therapeutic targets to promote hepatocellular protection in the setting of transplantation.
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jcm-06-00041-t001_Table 1

###### 

CD4+ T Lymphocytes and Warm Liver IRI.

  Reference                 Murine Models of IRI                                            Findings
  ------------------------- --------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  \[[@B15-jcm-06-00041]\]   30, 60 and 90 min partial ischemia. Reperfusion from 0--36 h.   Similar IRI in acute phase (3--6 h) btwn BALB/c and nu/nu mice. At 16--20 h enzymes/necrosis reduced in nu/nu (10-fold reduction in neutrophil accumulation). CD4^+^-depletion in BALB/c reduced IRI.
  \[[@B16-jcm-06-00041]\]   90 min partial ischemia. Reperfusion at 4 and 20 h.             IRI significantly reduced in T-cell deficiency, disruption of CD154 signaling, or CD154 blockade.
  \[[@B17-jcm-06-00041]\]   90 min partial ischemia. Reperfusion at 1, 4, and 8 h.          CD4^+^ lymphocytes were recruited to the liver within 1 h of reperfusion. CD4^−/−^ had greater injury and less neutrophil accumulation.
  \[[@B18-jcm-06-00041]\]   90 min partial ischemia. Reperfusion at 30--140 min.            CD4 deficiency, CD40-CD40L and CD28-B7 disruption attenuates platelet adherence, reduces neutrophil transmigration, sinusoidal perfusion failure, and transaminase activities.
  \[[@B19-jcm-06-00041]\]   90 min partial ischemia. Reperfusion at 8 h.                    CD4^−/−^ and CD4 depletion protect from IRI. CD154 blockade protects from IRI. CD4 T cells function in IRI without de novo Ag-specific activation.
  \[[@B20-jcm-06-00041]\]   60 min partial ischemia. Reperfusion 0--24 h.                   Anti-CD25 mAb protects from IRI via reducing CD4^+^ T cells (less expression of TNF-∝, IFN-γ, IL-2, and IL-6).

IFN-γ = interferon gamma; TNF-α = tumor necrosis factor-α; IL-2 = interleukin-2; IL-6 = interleukin-6; IRI = ischemia reperfusion injury.

jcm-06-00041-t002_Table 2

###### 

NKT cells in warm hepatic IRI.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference                 Murine Models of IRI                                         Findings
  ------------------------- ------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------
  \[[@B37-jcm-06-00041]\]   30 min portal vein clamping, reperfusion times up to 50 h.   Reduction in liver injury (sALT) by 50% in NKT^−/−^ mice. Serum IFN-γ reduced in NKT^-/-^ mice.

  \[[@B38-jcm-06-00041]\]   72 min partial ischemia, reperfusion at 2, 24, and 48 h.     NKTc produce IFN-γ at 2 h. NK/NKTc depletion reduces sALT at 24 h. Adoptive transfer of NKTc from WT or A~2A~R KO restores IRI in RAG-1 mice.

  \[[@B40-jcm-06-00041]\]   90 min partial ischemia, reperfusion at 4 and 8 h.           NKTc (not NK) contribute to hepatic IRI by an anti-CD1d-dependent activationo of TCRs. NKTc depletion attenuated IRI.

  \[[@B45-jcm-06-00041]\]   60 min partial ischemia, 6 h reperfusion.                    Selective activation of NKTc 1 h prior to ischemia reduced IRI. Protection is via an IL-13/A~2A~R-dependent mechanism.

  *Type II NKTc*\           90 min partial ischemia. Reperfusion at 6 and 24 h.          Mice lacking Type I NKTc were protected from IRI. Type II NKTc activation reduced IFN-γ secretion by Type I NKTc and prevented IRI.
  \[[@B56-jcm-06-00041]\]                                                                
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

NKTc = natural killer T cell; IFN-γ = interferon gamma; sALT = serum alanine aminotransferase; TCR = T cell receptor; IRI = ischemia reperfusion injury; A2AR = adenosine 2A receptor.
